A sequential injection lab-on valve (SI-LOV) method for the enzymatic determination of hydrogen peroxide was developed. The spectrophotometric assay is based on the reaction between hydrogen peroxide and ABTS (2,2′-Azino-bis(3-Ethylbenzothiazoline 6-sulfonic acid)) in the presence of the enzyme HRP (horseradish peroxidase). The produced oxidized ABTS is measured at 410 nm. The sample consumption was 15 µL/assay and the consumption of HRP and ABTS was 34.6 mg L − 1 and 0.06 g L − 1
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, respectively with a determination rate of 45 h
Relative deviations lower than 9.0% were found when the results were compared to those obtained by the reference procedure in the analysis of bleaches and disinfection solutions for contact lenses. With the incorporation of an in-line dilution (dialysis) process, was possible to attain a response range up to 342 mg L − 1 of hydrogen peroxide. The developed method was applied to monitor on-line of the disinfection-neutralization process of contact lenses. The study of two different one-step systems for cleaning contact lenses demonstrated that the neutralization of the hydrogen peroxide is completed within 6 h as recommended by the manufactures. The developed flow method was proved to be a useful tool for monitoring the dynamic process of disinfection-neutralization.
Hydrogen peroxide is widespread used in everyday life and in industrial applications due to its oxidative properties. Being a strong oxidative agent it is commonly applied for industrial and household bleaching and it is an ecological friendly option when compared to the chlorine based alternatives. Hydrogen peroxide is also used as powerful antimicrobial agent and effective sporicide [1] , and applied in water treatment processes [2] , medical instrument sterilization [3] and it can be incorporated into pharmaceutical products [4] for example in the case of disinfections solutions for contact lenses [5, 6] .
Within the contact lens disinfection processes (thermal and chemical) the hydrogen peroxide based methods show some advantages: it can be applied for repeated disinfection of the lenses, it is more effective against a larger range of microorganisms than the chemical disinfection; and its effervescence also provides mechanical cleaning. However, hydrogen peroxide is toxic to the ocular epithelium and to the cornea, therefore must be neutralized before lens wear [5] . Some of the commercial products perform the neutralization of the hydrogen peroxide right after the disinfection of the lenses, also called one-step system; others, two-step systems, require a neutralization step after the disinfection. In one-step systems the neutralization is achieved in the storage case using a platinum-coated disc (catalytic neutralization) or a soluble catalase tablet (enzymatic neutralization) which catalyses the decomposition of hydrogen peroxide to water and oxygen [5] . The study of the hydrogen peroxide concentration along the disinfection neutralization process is an important way to assess the efficiency and the safety of the procedure. The monitoring can be carried out in batch fashion using titrimetric, spectrophotometric or fluorimetric assays [7] , or more efficiently (with lower reagent consumption and higher sample throughput) in flow based methods. Flow based spectrophotometric methods combined with the advantages of highly specific enzyme-based assays could meet the requirements for fast and accurate process monitoring. Most of the spectrophotometric flow methods for the quantification of hydrogen peroxide (Table 1) are based on the use of the peroxidase (EC 1.11.1.7.) enzyme.
In the analytical methodologies that make use of enzymatic reactions, the reduction in the cost of the determination is generally achieved by reducing the reagent consumption. This reduction can be maximised with the miniaturization of the system. Therefore, instead of using the previously mentioned flow injection methodologies (Table 1) , for this work the SI-LOV format was selected. In this flow configuration, well-defined volumes of sample and reagents are sequentially aspirated to the holding coil and then propelled by reversed flow towards detection. The miniaturization is feasible due to the proximity of the injection port to the flow cell since in this Introduction equipment the manifold/detector is integrated on the top of the selection valve. Under these physical conditions, it is possible to operate at solution volumes as low as a few microliters [20, 21] . This flow method has demonstrated to be a promising tool in automating diverse biochemical methods [22] [23] [24] .
The aim of this work was to develop an enzymatic SI-LOV assay for the determination of hydrogen peroxide in bleaches and in pharmaceutical products and apply it for the on-line monitorization of the disinfection-neutralization process of contact lenses. The quantification of hydrogen peroxide is based on the horseradish peroxidase (HRP) catalysed reaction between H 2 O 2 and ABTS [25] . The produced oxidized ABTS is measured at 410 nm. Due to the high concentration of hydrogen peroxide present in the lens care solution, a high dilution step is required. In the present work, this was achieved by incorporating a dialysis unit in which a reduced quantity of the analyte diffuses over the membrane resulting in a high sample dilution.
Experimental
All solutions were analytical grade and deionized water (conductivity b0.1 µS cm ) was used to adjust the pH of these buffer solutions.
An enzyme stock solution was prepared by re-suspending 1 mg of lyophilized HRP (Peroxidase from horseradish, EC 1.11.1.7, type VI, P8375, Sigma) in 1.00 mL of enzyme diluent. The working enzyme solution was prepared daily by diluting 90 µL of the stock solution in 2.60 mL of enzyme buffer.
The ABTS stock solution was prepared by dissolving 10 mg (1 tablet) of ABTS (2,2′-Azino-bis(3-Ethylbenzothiazoline 6-sulfonic acid), A 9941,Sigma) in 25.00 mL of deionized water. The daily working solution was prepared by further dilution in potassium phosphate buffer (100 mmol L The samples analysed were bleaches and disinfecting solutions for contact lenses containing hydrogen peroxide as an active component. Two brands of bleaches and two kinds of one-step disinfecting solutions for contact lenses (one with enzymatic and the other with catalytic neutralization) were purchased. The samples had no other treatment than dilution, when necessary.
The SI-LOV system (FIAlab-3500, FIAlab Instruments, Medina, WA, USA) presented in Fig. 1 , consisting of a bi-directional syringe pump (2500 µL of volume), a holding coil, a bi-directional variable speed peristaltic pump, and a lab-on-valve manifold mounted on the top of a six-port multi-position valve, was used. A laboratory made diffusion unit was incorporated in the manifold. It consisted of two acrylic blocks pressed against each other by four screws with matching cavities of 72 mm 2 of surface area and 0.5 mm of channel depth making a linear path. The in-line dilution was performed by means of a pre-mounted cellulose acetate dialysis membrane. USB 2000 Ocean ; DU, dialysis unit; P, peristaltic pump; W, waste.
Reagents and solutions

Samples Apparatus
Optics, a charge coupled device (CCD) array spectrophotometer equipped with fibre optics (id: 200 µm), and a DH-2000-BAL Mikropack, UV/VIS/NIR light source, was used. FIAlab for windows 5.0 software on an Intel Pentium III Computer (995 mHz, 128 MB) was used for flow programming and data acquisition.
The flow procedure for the determination of hydrogen peroxide using horseradish peroxidase and ABTS is summarised in Table 2 .
The initial steps of B-C, and E-G, consisted in the aspiration of carrier, sample, and reagents to the holding coil; (in the order of: 1000 µL of carrier, 50 µL of ABTS, 15 µL of sample, 15 µL of enzyme and 100 µL of ABTS). The following steps (H-J) consisted in reversing the flow and propelling the mixture towards detection for absorbance scanning. The in-line dilution is carried out by means of a dialysis unit incorporated in the system. To execute this in-line dilution it is necessary to include steps A and D to drive the sample towards the dialysis unit and renew the solution at the sampling port while carrier and ABTS are aspirated to the holding coil.
The reference method carried out for validation of the results consisted in the iodometric titration of the samples with standardised sodium thiosulphate solution in the presence of potassium iodide and acetic acid [26] .
The physical parameters studied were the volumes of the sample and reagent solutions and the aspiration sequence. . The sample volume used in the developed method was studied in a range of 15 to 25 µL. Preliminary studies [27] indicated that lower volumes would deteriorate the repeatability of the method. The highest sensitivity was obtained with the volume of 15 µL, as it was possible to achieve a better overlapping of the reagent zones involved in the reaction [27] . For that reason this was the volume used for the developed method as a good compromise between sensitivity and repeatability.
The enzyme solution volume was studied in a range from 5 to 15 µL. A 15% increase in the sensitivity was achieved by the increase of enzyme solution volume from 5 to 15 µL; therefore the chosen volume for the developed method was 15 µL. The volume of ABTS used in the rear part of the aspiration sequence was also studied (50, 75 and 100 µL). When the assay was performed with 50 µL higher sensitivity was obtained and with the increase to 75 µL of ABTS a decrease in sensitivity about 8% was found; therefore the volume of 50 µL was chosen. Additionally the aspiration sequence was studied by altering the order of sample and enzyme aspiration. Calibration curves were established using standards of hydrogen peroxide in a range of 1.19 to 4.76 mg L − 1 . When sample was aspirated after the enzyme solution, the results showed higher analytical signal; but lower repeatability. As there were no significant differences in the sensitivity between the cases studied, the selected sequence of aspiration for the developed assay was: ABTS-sample-enzyme-ABTS.
The flow rate used to propel the product of the reaction towards detection was studied with the purpose of improving the sample throughput of the assay. For this study a standard of 137 mg L − 1 of hydrogen peroxide was analysed and flow rates in the range from 15 to 60 µL s − 1 were tested. The results were evaluated in terms of repeatability and in terms of the analytical signal obtained. The value of the analytical signal obtained for all of the cases revealed no significant differences but the repeatability deteriorated for the flow rate of 60 µL s ) was chosen for . 
Flow procedure
Reference and discussion
Study of the floe system
Results and discussions further work as good repeatability (RSD b 3%; n = 9) was achieved under these conditions. After establishing the physical conditions of the system, the effect of ABTS and enzyme concentration on the analytical signal was also studied to ensure that their concentrations were not the limiting one in this application range. Calibrations curves up to 4. , respectively. The determination rate was 45 h
, and was possible to achieve a determination range up to 4.28 mg L , respectively. Due to the elevated concentration of hydrogen peroxide present in the cleaning solutions, a high dilution of the samples is required. To carry out the in-line dilution, a mass transfer unit was introduced in the system, where the analyte diffuses across the membrane from the donor channel to the acceptor stream, resulting in the dilution of the sample. Three mass transfer units with different configurations (Table 3) were evaluated.
To evaluate the performance of the mass transfer units, a hydrophobic DURAPORE membrane filter (HVPV, 0.45 µm) was used and calibration curves were carried out with hydrogen peroxide standards in a range up to 51.3 g L − 1 , as presented in Fig. 2. As expected, the sensitivity increased with the increase of the surface area of the units; therefore the lowest sensitivity was found using unit A. The chosen unit for the work was unit A for presenting a wider linear range with higher sample dilution.
Hydrophobic and hydrophilic membranes were tested to perform the in-line dilution. The hydrophobic membranes were not compatible with the samples. After contact with the sample matrix the analytical signal obtained was constantly increasing, that can be explained by the presence of surface active substances in the sample that affect the hydrophobicity of the membrane. When hydrophilic dialysis membranes were used, this behaviour was not noticed.
Two different types of hydrophilic membranes were tested, cellophane and pre-mounted cellulose acetate dialysis membrane. With the use of the latter membrane the sensitivity increased about 65%, (while the linear response range was maintained in the same extent); therefore the pre-mounted membrane was chosen for performing the in-line dilution of the developed method. With the use of the selected membrane it was possible to achieve an in-line dilution of approximately 80 times.
The developed method with in line dilution was re-evaluated in terms of reagent consumption; determination rate and application range and was compared with the system without in-line dilution ( Table 4 ). The reagent consumption was maintained as in the previous system; however it was possible to achieve a determination range up to 342 mg L Two different types of samples (two brands of bleaches and lens care solutions) were used to evaluate the accuracy of the developed methods. The values obtained for all samples were in agreement with those obtained by the reference method, as it can be concluded from the RD values achieved, as reported in Table 5 .
In this work, the neutralization process of two different one-step systems, catalytic and enzymatic (Fig. 3) , were evaluated. The analytical signal resultant of the presence of hydrogen peroxide during the disinfection-neutralization process was recorded. Initial concentration of hydrogen peroxide in the disinfecting solution 
Figures of merit of the methods
Sample analysis
On-line monitoring of the neutralisation of the contact lenses desinfection/neutralization process situated over the upper limit of the linear response range of the method. Therefore, an option was taken to present the results as a percentage of degradation of the hydrogen peroxide, relative to the recorded initial absorbance. Performing the disinfection-neutralization process with catalytic neutralization (Fig. 3I) as recommended by the manufacturer and described in the label of the product (Fig. 3I, curve a) it can be concluded that the total neutralization is achieved in almost 6 h. When the process is performed with mechanical stirring (Fig. 3Ib) , the neutralization is achieved in around 2 h; this is also the time necessary to attain the neutralization at 30°C (Fig. 3Ic) . When the process occurs at 2°C (Fig. 3Id) it is necessary to wait almost 8 h to obtain the neutralization of the hydrogen peroxide.
When the process occurs with enzymatic neutralization (catalase, Fig. 3II ), the total neutralization of hydrogen peroxide is achieved faster than the same procedure with catalytic neutralization. When the process is performed as recommended by the manufacturer (Fig. 3IIa) it is not necessary wait more than one and half hour to achieve the neutralization [6] . After the disinfection time, about 1 h, the catalase is released from the nucleus of the tablet and the neutralization process starts promptly. When the assay is performed with mechanical stirring (Fig. 3IIb) or at 30°C (Fig. 3IIc ) the total neutralization is achieved in less than 1 h; and in a little more than 2 h the neutralization is complete if the process is performed at 2°C (Fig. 3IId) . The neutralization profile obtained for this process is very different from the one obtained for the process with catalytic neutralization.
The developed method proved to be a useful tool for the monitoring of the disinfection/neutralization process for the cleaning of contact lenses; the applied configuration is compact and miniaturized, and makes use of commercially available reagents. With the introduction of a dialysis unit in the system, it was possible to achieve a high in-line dilution factor of the sample, making the monitoring of this dynamic process possible.
The advantages of flow dialysis processes for analyte separation and/or sample dilution have been widely exploited since the first time applied in flow injection analysis by Ruzicka and Hansen [29] and in sequential injection by van Staden [30] . However, to the best of our knowledge, this is the first time that the dialysis process is used to perform the in-line dilution of the sample in the sequential injection lab-on-valve format. 
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